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Introduction
Floral traits are strongly linked to pollination and breeding
systems in angiosperms (Pailler et al. 1998, Schemske and
Bradshaw 1999, Takebayashi and Delph 2000, Bernardello et
al. 2001, Caruso et al. 2003). These traits include flower colour,
shape, size, display size, morphological symmetry, the number
of pollen tetrads and ovules and stigma-anther distance
(Delph and Lively 1989, Johnson et al. 1995, Roberston
and Macnair 1995, Dafni and Kevan 1997, Schultz 2003).
Sexual dimorphism in petal size has played a central role
in theories of plant sexual selection, sex allocation,
developmental constraint, and the influence of pollinators
on male and female fertility (Darwin 1877, Baker 1948,
Schemske and Agren 1995, Delph et al. 1996, Collin and
Shykoff 2003, Schultz 2003). At least four non-exclusive
hypotheses have been proposed to explain the above
differences, including Bateman’s principle, the enclosing-
protection hypothesis (Bawa and Opler 1975), the flower
size-number trade-off hypothesis (Delph et al. 1996) and
the developmental correlation hypothesis (Darwin 1877).
The developmental correlation hypothesis has been
supported by numerous experimental studies of floral deve-
lopment, for example, Glechoma hederacea (Plack 1957),
Cleome hassleriana (Koevenig 1973), Petunia hybrida and
Ipomoea nil (Raab and Koning 1988). It can be tested
morphometrically in gynodioecious species in which the size
of the androecium and corolla vary among individuals. 
In these species, the hypothesis predicts that corolla size
should be positively correlated with androecium size and
that the corolla size in females should be equivalent to that
predicted in a hermaphrodite with reduced or absent
androecium. In contrast, other floral organs should be free
to evolve independently and thus can show dimorphism
independent of androecium size (Schultz 2003).
Interference between the reproductive functions of female
and male sex organs in many animal-pollinated plants is
reduced by herkogamy, the spatial separation of stigma and
anthers within flowers (Arroyo et al. 2002). The most widely
recognised herkogamy polymorphism is heterostyly (Darwin
1877). Experimental studies of heterostylous populations
have provided convincing evidence that heterostyly is
maintained by negative frequency-dependent selection and
functions to promote pollinator-mediated cross-pollination
and reduce pollen wastage (Ganders 1979). The most
common floral design is approach herkogamy, where styles
are exserted beyond anthers and stigmas usually contact
pollinators first upon their entry into the flower (Barrett et
al. 2000). Increased anther-stigma separation may reduce
the amount of self-pollen deposited on the stigma, poten-
tially increasing the proportion of ovules fertilised by
outcrossed pollen (Ennos 1981). Some studies of species
with mixed-mating systems have shown a positive corre-
lation between anther-stigma separation (herkogamy) and
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A morphometric study of 13 floral traits in hermaphro-
dites and females of Kosteletzkya virginica was
conducted to test the hypothesis that sexual dimor-
phism in corolla size can be explained entirely by size
of the androecium (vestigial in females), as predicted
by the corolla-androecium developmental correlation
hypothesis. Hermaphrodites of K. virginica significantly
exceeded females in size for most corolla dimensions.
Overall, size of the corolla thus appears to be primarily
a stamen-correlated trait. These results are consistent
with the corolla-androecium developmental correlation
hypothesis that the androecium is an important regu-
latory organ for floral development and that one pleio-
tropic effect of male sterility in K. virginica has been a
reduction in corolla size. However, style length and basal
diameter of the stamen column did not conform to this
pattern, indicating that these traits are more independent
of androecium function than most dimensions of corolla
size. Herkogamy in K. virginica was 3.31 ± 0.04mm
(n = 760), ranging from 0.9mm to 7.4mm. Herkogamy is
highly variable within the naturalised population of K.
virginica, and not correlated with all measured floral
traits in hermaphrodites and females. Decreases in
stigma-anther distance over the flowering day provide
the potential for delayed autonomous selfing.
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outcrossing rates (Rick et al. 1977, Holtsford and Ellstrand
1992, Karron et al. 1997, Kalisz et al. 1999, Stone and
Motten 2002). Mean herkogamy for floral morphs in many
species is often reported, but anther-stigma separation in
most angiosperms is a continuously distributed trait (Carr
and Fenster 1994, Fenster and Ritland 1994, Karron et al.
1997). Means of herkogamy usually mask variation, so there
is a need for studies on the distribution of herkogamy within
populations.
Kosteletzkya virginica (Malvaceae) is a perennial
herbaceous dicot, which grows in brackish, tidal wetlands
along the Gulf and southern Atlantic coasts of the United
States. It has potential as a grain crop for seawater-based
agricultural systems, producing relatively large seeds with
good nutritive value and mucilage, possibly suited to
industrial use. In 1993, we introduced K. virginica into China
from the Halophyte Biotechnology Center (University of
Delaware, USA), as a potential species to improve the soil
and develop ecologically-sound saline agriculture.
K. virginica is an insect-pollinated plant with a mixed-
mating system (Ruan et al. 2005). Sexual dimorphism
(female and hermaphrodite flowers) occurs in K. virginica
(Figure 1); most flowers of K. virginica are hermaphroditic,
and the ratio of females to hermaphrodites is about 5%
(Ruan et al. 2005). In the naturalised study population of
K. virginica, the respective frequencies of the hermaphroditic
individuals, female individuals and gynomonoecious
individuals were 95.1%, 0.26% and 0.13% (n = 1 000). A
mature flower has a stamen column that surrounds an
exserted synstylous gynoecium with five fused stigmas, and
the style is hollow throughout its length. The monadelphous
androecium bears 20–30 anthers and is united basally with
the corolla. Flowers are herkogamous (the five style
branches are exserted beyond the monadelphous column)
and anthesis only lasts one day. Delayed autonomous
selfing occurs in K. virginica due either to direct stylar
movements, if stigmas made contact with their own anthers
at the end of the anthesis day (referred to as Type I), or
to the combination of corolla closing with stylar movements,
if stigmas did not make contact with their own anthers
(referred to as Type II) (Ruan et al. 2004).
The objectives of this study were: (1) to quantify floral
traits of K. virginica and analyse whether dimorphism in
floral organs occurs, (2) to correlate organ polymorphism
and stamen size, (3) to investigate the distribution of stigma-
anther separation, and (4) to record the change of stigma-
anther distance over the flowering day.
Material and Methods
Study species and study site
Seeds of K. virginica, collected from the College of Marine
Studies of the University of Delaware, USA, in 1992, were
planted in the study site, located at Yancheng tideland in
east China in 1993. Field surveys in this study were per-
formed in 2004, in a plot planted in 2001.
Floral morphology
On July 28–30 2004, 37 individuals of K. virginica were
randomly selected from the naturalised population of the
study site, and accidentally no gynomonoecious individuals
were selected. Thirteen floral traits on each of five flowers
per individual were quantified (Figure 2): petal length and
width (each of three per flower), petal basal width (three
per flower), corolla width, basal diameter of stamen column,
Figure 1: Sexual dimorphism in Kosteletzkya virginica. (A) Fertile
whorls of female flowers were vestigial; (B) fertile whorls of
hermaphroditic flowers; stamens were fertile with normal anthers
Figure 2: Kosteletzkya virginica floral measurements for Table 1
and Table 2. 1 = style length; 2 = length of style exsertion; 3 =
stamen length; 4 = height of lowermost stamen; 5 = petal length;
6 = basal diameter of stamen column; 7 = petal basal width; 8 =
petal width; 9 = height of uppermost stamen; 10 = stamen column
length; 11 = corolla width; 12 = sepal length; 13 = sepal width.
Drawings are not to scale
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sepal length and width (three per flower), stamen column
length, height of lowermost stamen, height of uppermost
stamen, style length, stamen length (five per flower) and the
length of style exsertion beyond the stamen column. In flowers
of K. virginica, 2–6 series of stamens are inserted at the
top of the stamen column; only stamens in the outermost
or sub-outer series were measured, and length was
defined as the distance from the point of attachment to
the stamen column to the top of the anthers. Within-plant
means of all traits were used for comparative analyses.
A total of 24 hermaphrodite and 13 female plants were
measured between 05:00 and 07:00. Measurements were
made to 0.01mm using hand-held digital calipers, except
for stamen lengths, which were measured with a
microscope and micrometer. Sexual dimorphism for each
measured trait was tested using the t-test. Pearson
correlations among the 13 floral traits were analysed, using
software SPSS Version 10.0.
Surveys of stigma-anther separation
We conducted an extensive survey to determine the variation
of stigma-anther separation (herkogamy) in the naturalised
population of K. virginica at the study site, using 760 flowers
randomly selected from different individuals between 05:30
and 07:00 (style lobes did not recurve) on July 28–30 2004,
including female and hermaphrodite flowers.
Daily variation of stigma-anther separation
Stigma-anther separation in K. virginica flowers changes
during the flowering day (Ruan et al. 2004). To quantify
these morphological changes, we measured the stigma-
anther distance from the stigmatic surface (three) to its
relative anther (three) in flowers over the flowering day.
During the course of a day, we measured stigma-anther
distance of each flower of 20 individuals (growing in an
insect-free house) of two types (12 of Type I and eight of
Type II) at 2h intervals from 06:00 to 18:00. We present
data for stigma-anther separation for a single day only. The
anthers chosen were the uppermost anthers closest to the
stigmatic surfaces. Differences were analysed using the
Mann-Whitney U-test.
Results
Trait means
Hermaphrodites of K. virginica significantly exceeded
females in nine of 13 floral traits, including style length (H/F
= 1.29), stamen length (H/F = 1.29), height of lowermost
stamen (H/F = 1.22), height of uppermost stamen (H/F =
1.37), stamen column length (H/F = 1.33), corolla width
(H/F = 1.13), petal length (H/F = 1.12), petal basal width
(H/F = 1.16) and sepal length (H/F= 1.06) (Table 1). Style
exsertion was similar within both sex morphs (H/F = 1.01)
(co-efficients of variation in hermaphrodites and females were
21.52% and 25.25%, respectively), and its value in hermaph-
rodites was similar to that of females (Table 1).
Correlations among floral traits
Table 2 indicates that most of the variation in the floral traits
consisted of positively correlated variation of the corolla,
petal and stamen traits.
In hermaphrodites and females, style length was positively
correlated with height of lowermost stamen (r = 0.46 and
0.86, respectively), as well as with height of uppermost
stamen, stamen column length, corolla width, petal length
and width, petal basal width and basal diameter of stamen
column. Height of lowermost stamen was positively corre-
lated with height of uppermost stamen, as well as with
stamen column length, corolla width, petal length and petal
basal width; height of uppermost stamen was positively
correlated with stamen column length, as well as with corolla
width, petal length and petal basal width; corolla width was
positively correlated with petal length, as well as with petal
width and basal diameter of stamen column. No significant
correlation was found between the length of style exsertion
and the other 12 floral traits in hermaphrodites and females.
Height of the lowermost stamen was positively correlated
with the basal diameter of the stamen column in
Hermaphrodites Females t-test
Variable Mean SEM Mean SEM t-value Probability
Style length 23.40 0.37 18.15 0.77 6.983 0.000
Stamen length 1.97 0.03 1.53 0.05 8.267 0.000
Height of lowermost stamen 7.33 0.21 6.02 0.28 3.716 0.001
Height of uppermost stamen 18.87 0.35 14.12 0.78 6.387 0.000
Stamen column length 19.77 0.38 14.90 0.82 6.190 0.000
Length of style exsertion 3.59 0.16 3.56 0.24 0.114 0.910
Corolla width 53.11 0.83 46.84 1.46 4.024 0.000
Petal length 24.66 0.42 21.97 0.61 3.771 0.001
Petal width 17.40 0.36 16.07 0.66 1.952 0.059
Petal basal width 3.77 0.07 3.26 0.10 4.036 0.000
Basal diameter of stamen column 2.99 0.07 2.79 0.09 1.707 0.097
Sepal length 8.25 0.12 7.79 0.20 2.065 0.046
Sepal width 4.09 0.08 3.91 0.10 1.391 0.173
Note: All floral traits were measured in millimetres. Sexual dimorphism for each measured trait was tested based on the t-test. See text
and Figure 2 for a description of variables
Table 1: Sample statistics for sex morph comparison of morphological variables
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hermaphrodites but not in females, and this correlated
sexual dimorphism was also found between corolla width
and sepal length and between sepal width and the basal
diameter of the stamen column. However, petal width was
positively correlated with petal basal width in females but
not in hermaphrodites, and this correlated sexual dimor-
phism was also found between stamen column length and
the basal diameter of the stamen column, between sepal
width and corolla width, between sepal width and petal
length and between sepal width and sepal length.
Stamen length was positively correlated with five of the
12 traits in hermaphrodites and females; the five traits not
correlated were height of lowermost stamen, petal length,
style exsertion, sepal length and width. Two traits were
sexually dimorphic, namely, stamen length was positively
correlated with style length in hermaphrodites (r = 0.40)
but not in females (r = 0.26), and with basal diameter of
stamen column in females (r = 0.56) but not in hermaph-
rodites (r = –0.01). For all female floral traits, their points
on the scale plots of the trait vs stamen length lay adjacent
to the hermaphrodite points, as if the female points were
an extension of the hermaphrodite points in the direction
of smaller stamen lengths (Figure 3).
Distribution of stigma-anther separation
Mean herkogamy was 3.31 ± 0.04mm (n = 760), ranging
from 0.90mm to 7.40mm. The distribution of herkogamy
exhibited continuous variation, which is typical of quanti-
tative or polygenic inheritance (Figure 4). Analyses of
variance indicated significant variation between the indivi-
duals of the naturalised population of K. virginica. Co-
efficient of variation of stigma-anther separation was 32.21%
(SD = 1.07).
Daily variation of stigma-anther separation
Measurements of the distance separating the stigmas and
the closest anthers indicated a decrease in stigma-anther
separation for K. virginica over the course of a day (Figure
5). The stigmas came into contact with the nearest anthers
at about 15:00 in Type I (Figure 5a), but the separation
was about 1.3mm at 16:00 in Type II (Figure 5b). There
was a significant difference in the variation of stigma-anther
separation between Type I and Type II (U = 757.000, w =
2 468.000, P = 0.006, based on Mann-Whitney U-test).
Discussion
In most gynodioecious species, the hermaphrodite flowers are
significantly larger than female flowers (Delph et al. 1996,
Schultz 2003). Hermaphrodites of K. virginica also significantly
exceeded female flowers in size of most measured traits,
though K. virginica is a gynomonoecious-gynodioecious
species (Ruan et al. 2005). Corolla width, and petal and
stamen length in K. virginica were all highly inter-correlated.
Nine of the 13 measured floral traits were significantly larger
in hermaphrodites. Only style lengths and the basal diameters
of stamen columns showed significant sexual dimorphism
independent of stamen length (Table 2, Figure 3).
These results are consistent with the hypothesis that the
androecium regulates the size of the corolla and that the
regulatory impact increases with size of the androecium. In
particular, the mean corolla size of females is not significantly
different from that predicted solely by their stamen length,
indicating that the smaller corolla may simply be a pleiotropic
effect of the male sterility alleles. This agrees with the
developmental correlation hypothesis for the sexual dimor-
phism in corolla size: absence or reduction of the androecium
apparently leads to a proportionally smaller corolla. The style
length results are consistent with morphometric studies of
hermaphroditic and female individuals in other species,
indicating that stamen-corolla and style development occur
along partially independent pathways (Stanton and Preston
1988, Kudoh et al. 2001, Schultz 2003).
Many hermaphrodite plants avoid self-fertilisation by
separating the male and female organs. Highly variable
herkogamy within the naturalised populations of K. virginica
Trait SYL SL HLS HUS SCL LSE CW PL PW PBW BDSC SPL SPW
SYL 0.26 0.86** 0.94** 0.95** 0.10 0.83** 0.81** 0.67* 0.71** 0.61* 0.03 0.49
SL 0.40* –0.15 0.44* 0.45* –0.38 0.42* 0.04 0.43* 0.40* 0.56* –0.31 –0.24
HLS 0.46* –0.01 0.75** 0.76** 0.21 0.66* 0.61* 0.49 0.57* 0.46 –0.07 0.41
HUS 0.88** 0.34* 0.49* 0.99** –0.20 0.66* 0.65* 0.47 0.68* 0.55 0.09 0.39
SCL 0.83** 0.39* 0.52* 0.98* –0.20 0.19 0.29 0.34 0.37 0.59* 0.05 0.38
LSE 0.16 0.15 0.07 –0.18 –0.22 0.53 0.45 0.52 0.23 –0.13 0.05 0.39
CW 0.46* 0.34* 0.63* 0.54* –0.05 0.09 0.98** 0.87** 0.74** 0.51 0.22 0.72**
PL 0.48* –0.22 0.45* 0.56* –0.10 0.05 0.73** 0.85** 0.66* 0.57* 0.24 0.69**
PW 0.46* 0.36* –0.03 0.19 –0.07 0.07 0.63* 0.63* 0.75** 0.69** –0.03 0.62*
PBW 0.51* 0.34* 0.47* 0.61* –0.13 0.11 0.67* 0.62* 0.27 0.65* 0.07 0.58*
BDSC 0.47* –0.01 –0.41* –0.06 0.30 0.17 0.24 0.63* 0.55** 0.62** –0.11 0.48
SPL 0.32 –0.09 0.14 0.31 0.07 –0.29 0.51* 0.26 –0.13 0.01 0.17 0.63*
SPW 0.07 –0.23 –0.20 0.00 –0.01 0.20 0.36 0.28 0.51* 0.25 0.69** 0.32
Note: For hermaphrodites, n = 24; for females, n = 13. SYL = style length; SL = stamen length; HLS = height of lowermost stamen;
HUS = height of uppermost stamen; SCL = stamen column length; LSE = length of style exsertion; CW = corolla width; PL = petal
length; PW = petal width; PBW = petal basal width; BDSC = basal diameter of stamen column; SPL = sepal length; SPW = sepal width.
*, **: correlation was significant at the P < 0.05 and P < 0.01 probability levels, respectively
Table 2: Phenotypic correlations among traits in hermaphrodites (below diagonal) and females (above diagonal) of Kosteletzkya virginica
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Figure 3: Scatter plots of selected floral trials against stamen length. Filled circles represent females; open circles represent hermaphrodites.
See Figure 2 for definition of the corolla traits. In these plots, the X-axis is mean stamen length per flower, and the Y-axes are the
indicated floral traits; BDSC = basal diameter of stamen column
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is substantial evidence that the degree of herkogamy has
important functional consequences for mating patterns,
especially selfing rates. Decreases in stigma-anther distance
over the flowering day provide the potential for delayed
autogamy in unpollinated flowers.
In conclusion, these analyses of floral traits in K. virginica
support Darwin’s (1877) hypothesis of developmental links
between androecia and corollas. In K. virginica, corolla size
is smaller in females, and the size reduction is approxi-
mately proportional to stamen reduction. However, other
floral traits in females, notably style length and the basal
diameter of the stamen column, vary independently. The
reasons for these differences are unknown but indicate that
at least some developmental correlations with androecium
in hermaphrodites are disrupted in male steriles, notably
those relating to female function. Further clarification of the
evolutionary role of the androecium-corolla interaction would
benefit from comparative studies of floral development in
gynomonoecious-gynodioecious, gynodioecious and related
gynomonoecious species.
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